Abstract: Dynamic models for the energy simulation of building-plant systems are becoming useful tools in the process of building design by defining operating conditions and finding appropriate control strategies. Therefore simple softwares able to correctly predict the thermal behaviour of rooms, and thus allowing to get comfort conditions and loads, are needed. In this paper a dynamic simulation model (THESIS, "THermal SImulation Software") is presented. The building structures equations are described by means of a LTI (Linear Time Invariant) state space model. The heat conduction equations for the walls are solved through an explicit finite difference technique. The model is implemented in the MATLAB/SIMULINK environment.
INTRODUCTION
Computer modelling is becoming a common practice to investigate different solutions in Heating, Ventilation, and Air Conditioning (HVAC) systems design and to optimize sizes, performances, and controls of systems and components. Different models and software are available today, with different degrees of complexity and sensitivity to the involved physical parameters. The suitability of a model depends, first of all, on the complexity of the required calculation. For sizing winter heating systems, a steady-state model can be sufficient, whereas for sizing cooling systems, a dynamic model is required. A dynamic model is needed also for evaluating seasonal energy consumption both in heating and cooling conditions. Also, some buildings (such as open-space environments or technological building as web-hotels) may have the simultaneous presence of cooling and heating loads (Bettella et. al [2001] ). In this case, a dynamic model to study the overall building-plant system is needed to optimize energy consumption.
A well-known example of dynamic model of buildings is provided by the ASHRAE method (ASHRAE [1997] , Mitalas [1972] ) which is a non-geometrical model based on the notion of transfer function. Other known models are the geometrical NBSLD (Kusuda [1976] ) and its successive developments (Brunello et al. [2001] ) based on the solution of the thermal balance problem and on the transfer function technique for thermal conduction through walls (Stephenson and Mitalas [1971] ). Such models aim at determining the patterns of the thermal flux to be supplied to a room to maintain a given set-point temperature or estimating the room temperature, for a given flux. No standard method exists, yet, and discussion on this point is still open inside Standardization Committees, such as the European Committee for Standardization, CEN (Technical Committe 89, Working Group 6).
In this work a MATLAB model for thermal simulation of building is presented, which is based on a discretetime, LTI (Linear Time Invariant) state space model. The advantage of such solution over other existing techniques is that the explicit, recursive nature of the model allows to substantially increase the efficiency of the simulation. The equations of the thermal room balance and conduction through walls are solved through the finite difference technique.
THEORY
The thermal-hygrometric simulation of a building can be carried out at different levels of complexity. A sufficient level of detail can often be obtained by using models where the room air temperature and humidity are considered uniform. In this case, the dynamics of each room is described in terms of the air energy and mass equation and the walls energy equation. As far as the energy equations are concerned, many contributions have to be taken into account, such as he convective, conductive and internal heat fluxes, the mutual radiation between surfaces, solar radiation, the presence of the heating/cooling system, the infiltration and ventilation air flow rates. In some building typology, with relevant room dimensions or large amount of glazing surfaces, a different approach can be considered.
Energy and mass balance of the room air
The model is based on the assumption of uniform room air (no stratification). Therefore, for each room there is one instantaneous value of the internal air temperature 
where the convective heat flux is expressed by:
The infiltration and ventilation heat fluxes are instead:
The mass equation for the internal humidity is given by Fig. 1 . Finite difference scheme for a single material wall.
Energy balance of the wall
In order to correctly solve the one-dimensional energy equation for the walls and to take into account thermal conduction and capacity phenomena, the finite difference scheme has been applied. In Figure 1 , the mesh applied to a wall made of a single material is shown. The mesh splits the wall into a certain number of grid points. The same number of wall layers can be obtained if they are defined with facets located midway between the grid points. In the 1-D scheme, this approach leads to grid points located into the geometric center of each layer and allows to associate with each grid point the equivalent mass of its surrounding layer. Boundary grid points makes exception because they only have "half" layer and thus half mass capacity. In the case of walls made of more than one material, the same scheme applies. The grid actually passes through the interfaces between materials, thus layers composed of two different materials are present. In this case grid points may not appear in the center of these "two-material" layers, if a different mesh is applied to the materials.
The equation for the k-th point associated to a single material layer of the i-th wall is the following:
For boundary grid points in contact with the internal air (1-st grid point), the equation (6) becomes:
where the term associated with the heat exchange between internal surfaces via infrared radiation, in the hypothesis of grey bodies with emissivity close to one, is computed as: (8) and the solar radiation heat flux contribute is computed for each window using the ASHRAE method (ASHRAE [1997]):
Finally, for the N -th grid point in contact with the external air, the general equation (6) becomes:
STATE SPACE MODEL OF THE ROOM
The physical quantities to be modeled are naturally described by continuous-time signals, however, the approach adopted in Section 2 to formulate the heat transfer equations allows to easily cast the problem in terms of discretetime signals. In fact, the heat transfer equations derived by means of the finite difference method can be naturally thought as difference equations with time step t c = ∆t, whereas standard discretization schemes can be used to deal with the differential equations for the internal air energy and mass equation.
In this Section we show how to recast the system equations presented in Section 2 into a discrete-time, linear, timeinvariant (LTI) state space model. Such a choice gives computational advantages, and allows for an efficient implementation in the Matlab-Simulink environment.
To build the discrete-time, LTi state space model of the room, we choose the state vector as follows. As the first two states we take the air temperature T a and the operative temperature, T op , defined as the average between the air and mean radiant temperature of the internal surfaces. Then, assuming that the room consists of N wl walls and that the i-th wall is discretized into N i layers, we can define a set of N i temperature levels (see 1). A state variable is associated with each of such temperatures. The last state variable is associated with the internal air specific humidity x a . Therefore, x(t) is as follows:
. . .
The total number of state variables, that gives the system dimension ns, is given by
By taking as input vector
it is immediate to show that the equations described in the previous subsection can be written as
where the output vector y(t) is formed by appropriate subsets of state and input variables. Therefore the system is linear and time-invariant, and it is complitely specified by the quadruple of matrices (A, B, C, D), where, if ns, b, and c are respectively the number of state, input, and output variables,
If we take as output variables all the components of the state vector and all the input variables, which is a reasonable choice for off-line processing of the simulation data, the C and D matrices in (13) are
where I denotes the identity matrix.
A SYSTEM THEORETIC PROOF OF THE FOURIER CONDITION
As is well known (Patankar [1980] ), convergence of an explicite FDM scheme, applied to the Fourier equation of the heat conduction, requires that the Fourier condition
be satisfied. Consequently, the sampling time t c , for a given value of the spatial discretization interval ∆s in a material with thermal diffusivity a, has to satisfy the following condition
It is interesting to observe that the Fourier condition (16) corresponds to a condition on the asymptotic stability of the state-space system representing the discretized equation for the temperatures of the inner layers of a homogeneous wall (see (6)). In fact, the dynamics of the temperatures T ij (t), j = 2, . . . , N i of the N i -th wall are described by a state space model with state matrix A given by
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The system is asymptotically stable if and only if |λ ℓ | < 1, ℓ = 1, . . . , N i − 1, that is,
or equivalently
The most restrictive bound is achieved when
that yields the conservative bound corresponding to the Fourier condition (16)
In fact, for a given dimension of the state-space system, an exact bound is provided by (21), which is however close to (23) when the system dimension N i − 1 is sufficiently large.
It has to be remarked that the state matrix A for the generic room structure is not symmetric tridiagonal as in (18), due to the presence of terms accounting for the convective heat exchange, infrared mutual and high-frequency radiation for each wall. Furthermore, the equations for the first two states, namely T ia and T op , have a different structure. However, A can be considered to be a perturbation of a tridiagonal, symmetric matrix, and this is confirmed by the fact that in all the tested situations, the spectrum of A consists of real eigenvalues only.
VALIDATION TESTS
In this section results of some of the tests carried out to validate the model are reported. The solution of the Fourier conduction equation for the single wall, the energy balance of the room in steady-state conditions and the dynamic behavior both of the inside air and the building envelopment are analyzed.
The conduction equation
The Fourier thermal conduction equation is solved by using the LTI state space model described above. In order to verify the accuracy of the LTI model solution, a comparison is carried out with a program which solves the conduction equation via the electrical analogy (Karplus [1958] , Yu and van Paassen [2004] ).
In Table 2 one of the tested multi-layer wall structures is shown, where the layers are reported from the internal to the external one. A sinusoidal external temperature signal variation of amplitude 1 o C is assumed. No other heat source or flux is considered.
For each case a simulation time of 15 days with a sampling time of 60 seconds is sufficient to reach temperature steady-state conditions for all layers. The considered outputs are the absolute values of the internal and external layer temperatures, the heat fluxes through these layers and the phase difference θ of all these variables with the external temperature. The results are reported in Table 3 while in Figure 2 the steady-state profile of the external air and of the wall temperatures are shown.
The energy equation
The steady-state energy balance equation is verified by means of a simple simulation. The simulated room is square with length and width of 4 m and an height of 2 m. No window is present. The walls are all considered to be in contact with the external environment and the structure 1 of Table 2 is used. If a value of 10 W/m 2 K for both the internal and the external surface heat transfer coefficient is assumed, the calculated transmittance for these structure is 0.524 W/m 2 K.
As far as the external conditions are concerned, the external temperature is constant and equal to 0 o C, while no solar radiation contribute is taken into account. The internal heat gain is equal to 52.5 W/m 2 so the total internal heat gain is 840 W. All initial states are equal to zero.
In these conditions from the energy balance equation:
we can obtain the value of the internal air temperature and compare it to the value supplied by the model once it has reached steady-state conditions. The difference between the program value and the calculated one becomes negligible after 15 simulated days.
Dynamic behaviour
To test the dynamic behavior of the simulation model, its outputs are compared with the reference values given in a recent standard proposal (CEN [2001] ). In this draft, a standard on calculation methods for the evaluation of the thermal performance of buildings and building components is discussed. This proposal provides 21 validation tests to be performed on a single zone with air temperature control. Any calculation method meets the standard if it provides, for the various considered tests, results in accordance with given reference values.
For the simulation a room of width 3.6 m, length 5.5 m, height 2.8 m is used. The west wall is external and has a window of 7 m 2 surface while the other walls are to be considered in contact with rooms at the same temperature of the simulated one. In the tests, two types of glazing system are present, a double-pane glass (DP) and a doublepane glass with an external shading device (SDP). The structures and the thermophysical characteristics of these surfaces are given in CEN [2001] . The characteristics of the different walls, ceilings, and floors, the hourly values of the solar radiation and of the external air temperature used in the tests are reported in Table 4 and 5. The main simulation parameters for the 8 considered tests are summarized in Table 6 .
As an example of the obtained results, the hourly values of the cooling power for test 1 is reported in Figure 3 . In Table 7 the values of the cooling daily energy and of the maximum cooling power calculated with THESIS and the same values given in CEN [2001] for each of the considered tests are summarized, together with their percentual difference. As far as the daily energy requirement is concerned, the data are in very good accordance with the reference values, with a mean difference of 1.9%. The peak loads deviates more from the reference (mean difference of 8.3%). Both results show that THESIS has a satisfactory dynamic behavior in all of the considered tests, with different wall structures and in presence of solar radiation.
We remark that it is reasonable to find differences between the results provided by different computational techniques, in particular as far as the maximum cooling power is concerned, since each algorithm employs different models for the evaluation of the boundary conditions (i.e. solar radiation, internal and external surface heat transfer coefficient, windows absorption and transmission coefficients). However, in a recent paper (Cecchinato et al. [2002] ) the simulation results on the standard tests with six different programs (including THESIS) are presented, showing that all the results are located in the band given by the mean value ±15%, both for the maximum cooling power and for the daily cooling energy.
CONCLUSIONS
In this paper, THESIS, a Matlab-based software for the thermal-hygrometric dynamic simulation of building, is described, and its performance in terms of load prediction capabilities is evaluated by performing a number of benchmark tests as suggested in CEN [2001] . The performance is fully satisfactory and in agreement with the results of recent studies Cecchinato et al. [2002] .
The formulation in terms of LTI state space models together with the finite difference scheme applied to the wall grants excellent performance in terms of computational effort. Attention has to be payed in the choice of the simulation time step in order to guarantee asymptotic stability of the LTI model. Furthermore, the proposed technique is particularly suitable when the transfer function technique exhibits some limitations (e.g., the case of walls with relevant thickness).
The implementation in the MATLAB environment is flexible, easy, and efficient. The availability of SIMULINK tools may be very useful for easily testing different control strategies. An interesting possibility given by the adopted small time step employed in the simulations (one minute or even less) is the execution of simulations in real time.
Future works will concern the development of a multiroom program and the coupling different thermal plants, for improving the control strategies of the overall buildingplant system. Table 6 . Parameters of the CEN tests. The internal heat gain value is shown as x/y where x is the value of the specific convective gain(per m 2 of floor) while y is the value of the specific radiant gain
